Oral malodor mostly develops from the metabolic activities of indigenous bacterial populations 2 within the oral cavity, but whether healthy or oral-malodor-related patterns of the global bacterial 3 composition exist remains unclear. In this study, the bacterial compositions in the saliva of 240 4 subjects complaining of oral malodor were divided into groups based on terminal restriction 5 fragment length polymorphism (T-RFLP) profiles using hierarchical cluster analysis, and the 6 patterns of microbial community composition of those exhibiting higher and lower malodor were 7 explored. Four types of bacterial community compositions were detected (clusters I, II, III, and 8 IV). Two parameters for measuring oral malodor intensity (the concentration of volatile sulfur 9 compounds in mouth air and organoleptic score) were noticeably lower in cluster I than in the 10 other clusters. Using multivariate analysis, the differences in the levels of oral malodor were 11 significant after adjustment for potential confounding factors such as total bacterial count, mean 12 periodontal pocket depth, and tongue-coating score (P < 0.001). Among the four clusters with 13 different proportions of indigenous members, the T-RFLP profiles of cluster I were implicated as 14 the bacterial populations with higher proportions of Streptococcus, Granulicatella, Rothia, and 15
INTRODUCTION 1
performed using SPSS (version 15.0; SPSS Japan, Tokyo, Japan). The statistical significance was 1 set at P < 0.05 to denote a statistically significant difference. 2 composition in the saliva of 240 subjects was assessed using T-RFLP analysis and displayed as 3 peak patterns. The overall profiles contained 164 distinct peaks (TRFs), 99 TRFs in the 6-FAM 4 profiles (F1 to F99), and 65 TRFs in the HEX profiles (R1 to R65). The T-RFLP profiles were 5 compared in a dendrogram generated by hierarchical cluster analysis (Fig. 1 ). The total 6 concentration of VSCs in mouth air and the organoleptic score of each subject were also displayed. 7
When the bacterial compositions were divided into four groups (clusters I, II, III, and IV), which 8 contained 43, 90, 62, and 45 subjects, respectively, striking differences in malodor productivity 9 were observed among the groups (Fig. 1 ). Both oral malodor parameters were clearly lower in 10 cluster I, whereas they were higher in clusters III and IV. 11
Statistical comparison of the severity of oral malodor among clusters. The characteristics 12 of each cluster in terms of age, gender, and other variables possibly associated with oral malodor 13 are shown in Table 1 . Significant differences among clusters were observed in mean age and 14 amount of total bacteria. Tables 2 and 3 show characteristics of the subjects according to VSC 15 concentrations and organoleptic scores, respectively. To control for the effects of confounding 16 factors, a multivariate analysis was performed that included the above-mentioned variables. After 17 adjusting for potentially confounding variables, subjects belonging to clusters II, III, and IV had 1 significantly higher odds ratios than those in cluster I for both the amount of VSCs in mouth air 2 (Table 2 ) and organoleptic scores (Table 3 ). The results suggest that differences in the bacterial 3 colonization pattern were significantly associated with the intensity of oral malodor independently 4 of other variables, including two major halitosis-inducing factors (i.e., an increase in tongue 5 coating and periodontal disease). The adjusted odds ratios for higher levels of VSCs and 6 organoleptic scores were equally high in clusters II (11.0 and 11.4, respectively) and IV (10.8 and 7
9.8, respectively). In comparison with these clusters, the odds ratios were lower in cluster III (4.4 8 and 3.9, respectively), which exhibited an intermediate pattern in the T-RFLP profile among 9 clusters I, II, and IV. 10
Mean periodontal pocket depth and tongue-coating score were also associated with 11 significantly higher odds ratios for higher levels of VSCs (Table 2 ) and organoleptic scores ( Table  12 3), as expected. In addition, gender was significantly associated with the organoleptic score ( Table  13 3). Although the total bacterial count in saliva had a significant increased odds ratio for both a 14 higher VSC level (Table 2 ) and higher organoleptic score (Table 3) in the univariate analysis, the 15 relationship dissipated after multivariate adjustment.
Bacterial colonization patterns of each predicted cluster based on T-RFLP profiles. To 1 visualize the differences in the T-RFLP profiles among the four clusters, they were analyzed by 2 PCA and represented as four types of dots on a PCA biplot diagram of the first principal 3 component (PC1) and the second principle component (PC2) (Fig. 2) . These two components 4 explain 66.5% of the total variance. The four clusters were localized in the right (cluster I), lower-5 left (cluster II), upper-left (cluster IV), and center (cluster III) areas of the diagram. Of a total of 6 164 TRFs, 18 were selected that had large loadings (>0.05 in absolute value on the PC1 and PC2; 7 Table 4 ) and are represented by arrows (Fig. 2) . All of the TRFs were predominately and 8 commonly detected in the T-RFLP profiles of most of the subjects (Table 4) . 9
Five (F42, F57, F68, R10, and R43) of the 18 TRFs had large loadings in the direction in which 10 cluster I was localized (right area of the diagram; Fig. 2 ). The T-RFLP profiles of cluster I were 11 implicated as bacterial populations with larger proportions of the bacterial species corresponding 12 to these TRFs, whereas those of clusters II and IV localized in the negative direction were 13 relatively less dominated by these species. The combinations of TRF putatively corresponded tolarge loadings in the direction in which cluster IV was localized (upper-left area of the diagram; 3 Fig. 2) , and the TRF combinations putatively corresponded to Neisseria or Haemophilus or 4
Aggregatibacter, Lautropia, Fusobacterium, Porphyromonas, and Parvimonas (Table 5 ). The T-5 RFLP profiles of cluster III localized at the center of the diagram were implicated as the 6 intermediate pattern of the other three clusters. 7
The peak area proportions of the characteristic TRFs of each cluster, except for F57 and R39, 8
were significantly greater than the other clusters (Table 4 ). The mean peak area proportion of F57 9 in cluster I and that of R39 in cluster IV were also greater than the other three clusters, although 10 statistical significance was not observed in the difference found in one of the three clusters. The 11 distribution of the peak area proportions of these TRFs strongly influenced the cluster 12 classification of this study. 13
Other characteristics of the bacterial population structure of each cluster. Although 14 cluster analysis in this study was mainly influenced by the relative abundance of the dominant 15
TRFs mentioned above, other characteristics of bacterial population structure were also explored 16 from the obtained T-RFLP data. The diversity of the bacterial community, which was determined 17 by the total number of TRFs and the Shannon diversity index of the T-RFLP profile, was 1 significantly lower in cluster I of both the 6-FAM and HEX profiles (Table 6 ). Cluster II exhibited 2 the highest values among the four clusters on both parameters, although statistical significance 3 was not observed between clusters II and IV with the total number of TRFs in the HEX profiles 4 (Table 6) . 5
The detection frequencies of each TRF with significantly more or fewer subjects are listed in 6 Table 7 . Thirteen TRFs were detected less frequently in cluster I, whereas five and two TRFs in 7 clusters II and IV were detected from more subjects, respectively. The well-known malodor 8 producers, such as Porphyromonas gingivalis (F97 and R65), Porphyromonas endodontalis (F97, 9 F98, and R65), Parvimonas micra (F56 and R12), Prevotella intermedia (F19), and 10 Fusobacterium nucleatum (F56), were included as candidates corresponding to the TRFs less 11 frequently detected in cluster I. 12
DISCUSSION 1
In the present study, the global composition pattern of bacterial populations in saliva was 2 clearly correlated with the severity of oral malodor. The cluster grouping in this study, which was 3 highly influenced by the peak area proportions of the dominant TRFs frequently detected in the T-4 RFLP profiles of most subjects (Table 4 ; Fig. 2 ), classified the bacterial population structure into 5 four patterns with different proportions of indigenous members. The microbial community 6 compositions belonging to cluster I demonstrated significantly lower levels of malodor 7 productivity than the other patterns of microbiota. The T-RFLP profiles of this cluster were 8 associated with bacterial populations with higher proportions of Streptococcus, Granulicatella, 9
Rothia, and Treponema species compared with the other clusters. 10
By using the molecular approach of 16S rRNA sequence analysis, differences in bacterial 11 compositions between subjects with high and no or low odor have been comprehensively 12 evaluated in recent studies (9, 11, 31) . Although Kazor et al. also mentioned the predominance of 13
Streptococcus salivarius in relation to low malodor, those studies mainly sought to identify 14 bacterial species that were specifically associated with subjects with strong oral malodor. Since 15 most of the bacterial species identified were detected in subjects in both the high and no/low odor 16 groups, Riggio et al. concluded that differences in populations would be quantitative rather than 17 qualitative. Also in the present study, a TRF specifically found in subjects with strong oral 1 malodor was not detected (data not shown). On the other hand, we correlated the relative 2 proportions of the major indigenous bacteria with oral malodor, rather than the presence or 3 absence of specific bacterial species. The characteristic bacteria in each cluster were genera 4 commonly found in previous studies regardless of malodor intensity (5, 11, 31) . 5
The bacterial population structures suggested by our results are reasonable and consistent with 6 the preceding suggestion from a metabolic perspective (13). The TRFs with characteristically 7 higher peak area proportions in cluster I correspond to gram-positive saccharolytic species, except 8 for four phylotypes of Treponema. Although Treponema species were also included among the 9 candidates of the corresponding TRFs, it is unlikely that these species were predominantly found 10 in the saliva of many subjects, considering that only a few clones have been obtained from 11 bacterial populations in saliva (12, 25) . In both T-RFLP profiles that were strongly associated with 12 oral malodor (clusters II and IV), the TRFs corresponding to gram-positive saccharolytic species 13 were also dominant, but in lower proportions than in cluster I (Table 4) , whereas all of the 14 predicted characteristic bacteria were asaccharolytic or proteolytic gram-negative bacteria. In 15 particular, the Fusobacterium, Porphyromonas, and Parvimonas bacterial species that 16 characterized cluster IV have been found to be active producers of VSCs in vitro (28). The1 frequently detected H 2 S-producing bacteria in tongue microbiota and observed in greater amounts 2 among subjects with oral malodor than in healthy patients (38). However, whether these species 3 are directly involved in the development of oral malodor remains uncertain. Considering that the 4 diversity of the bacterial populations was significantly higher in clusters II and IV than in cluster I 5 (Table 6 ), the patterns of the bacterial communities may simply reflect the suitability of the 6 environment for the growth of minor but more important species for malodor production. Rather, 7
it is remarkable that cluster I, which was implicated as having higher proportions of gram-positive 8 saccharolytic species, was less diverse than the other clusters (Table 6 ). In addition, the well-9 known malodor producers, such as P. gingivalis were included as candidates corresponding to the 10 TRFs less frequently detected in cluster I (Table 7) . Facilitating the growth of these gram-positive 11 saccharolytic species may prevent the growth of minor species, and thus, may help to reduce the 12 production of oral malodor. 13
Most noteworthy in this study were the significant differences in malodor productivity based 14 on the bacterial population structure that were observed following adjustment for potential 15 confounding factors, such as the mean periodontal pocket depth and tongue-coating score (Tables 16 were two major halitosis-inducing factors (23, 40) that create areas allowing the overgrowth of 1 anaerobic bacteria, many of which have an ability to produce malodorous components. In the 2 present study, differences in bacterial colonization patterns were significantly associated with the 3 intensity of oral malodor independently of these two factors, suggesting that they reflect the oral 4 condition involved in malodor production, which is difficult to evaluate solely by visual 5 inspection of oral hygiene and periodontal conditions. Considering that the predominant bacterial 6 composition in saliva is relatively stable over time (30, 32) , the composition may be implicated in 7 individuals' potential ability to produce oral malodor. On the other hand, the significant 8 relationship between the total bacteria in saliva and oral malodor dissipated after adjustment in the 9 multivariate analysis (Tables 2 and 3 ). Although it may be controversial whether the total number 10 of bacteria in saliva reflects the amount of bacteria residing in the entire oral cavity, these results 11 indicate that the composition of bacterial populations, rather than the total quantity, is relevant to 12 the development of oral malodor. Current physical or chemical treatments for oral malodor focus 13 on reduction of the total bacterial count. Although further studies based on the alteration of oral 14 malodor intensity are required, our results suggest the necessity of supplemental treatments to 15 
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In this study, two patterns of bacterial communities (clusters II and IV) were equally 1 implicated as malodor-associated microbiota. Conversely, the total bacterial count was 2 significantly greater in cluster II than in cluster IV (Table 1 ). The findings suggest that the 3 bacterial populations of clusters II and IV are and are not accompanied by bacterial overgrowth, 4 respectively. The conventional, steadfast mouth-cleaning routine for treating oral malodor may be 5 less effective for subjects possessing bacteria from cluster IV than for those with bacteria from 6 cluster II. 7
The bacterial prediction made by the present T-RFLP analysis was unable to fully characterize 8 the bacterial community at the species level. Although additional restriction enzyme digestions 9 may reduce the bacterial candidates to those corresponding only to the TRFs, it may interfere with 10 the proportional distribution of bacteria due to the lack of a statistical method capable of dealing 11 with multiple digestion patterns. Cloning and sequencing analyses are more efficient for 12 characterizing bacterial communities at the species level. However, an analysis of 240 subjects 13 remains too laborious and expensive to perform at present, although further insight might be 14 gained by such effort. On the other hand, our main concern in this study was to correlate the 15 patterns of the bacterial community composition with the severity of malodor rather than to 16 identify the causative agents. We consider that the present T-RFLP analysis was sufficient for the 17 purpose intended. Recently, novel high-throughput approaches, such as microbe identification 1 microarrays (27) and bar-coded pyrosequencing (12, 25) have been implemented for bacterial 2 identification of oral microbial communities. The combinational use of these approaches and 3 innovative cultivation methods may be helpful in identifying the actual malodor producers. 4
In other organs colonized by commensal microbiota, many studies have reported on the 5 relationship between the global composition of indigenous bacterial populations and human health. 6
For example, the relative proportions of two major bacterial phyla, Firmicutes and Bacteroidetes, 7 in intestinal microbiota are associated with obesity (17), inflammatory bowel disease (6), and 8 experimental-type-I diabetes (39). Vaginal microbiota shift from the usual lactobacillus-dominated 9 microbiota to diverse communities with anaerobic and facultative bacteria in bacterial vaginosis 10 (n = 41) (n = 64) (n = 71) (n = 64) (95% CI) (95% CI) (Mean ± SD) Age (years) 45 ± 14 39 ± 14 45 ± 15 45 ± 12 50 ± 15 1.0 (1.0-1.0)*** 1.0 (1.0-1.0)
Amount of total bacteria 8.0 ± 0.7 7.8 ± 0.7 7.9 ± 0.7 8.0 ± 0.7 8.1 ± 0.7 1.5 (1.1-2.0)* 1.0 (0.7-1.4) (Log deduced CFU per ml a )
Mean pocket depth (mm) 3.1 ± 0.7 2.8 ± 0.4 3.1 ± 0.8 3.2 ± 0.6 3.3 ± 0. (n = 44) (n = 79) (n = 89) (n = 28) (95% CI) (95% CI) (Mean ± SD) Age (years) 45 ± 14 38 ± 14 44 ± 15 48 ± 14 53 ± 15 1.0 (1.0-1.1)*** 1.0 (1.0-1.0)
Amount of total bacteria 8.0 ± 0.7 7.7 ± 0.7 7.9 ± 0.7 8.1 ± 0.8 8.2 ± 0.7 1.6 (1.2-2.3)** 0.9 (0.6-1.3) (Log deduced CFU per ml a )
Mean pocket depth (mm) 3.1 ± 0.7 2.8 ± 0.4 3.0 ± 0.5 3.3 ± 0.7 3.6 ± 0.9 3.0 (2.0-4.5)** 1.8 (1.8-4.5)*** (n (%)) Gender 
